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Introduction
An increasing problem in agriculture is the evolution of
resistance by pests to the agents used to control them.
The most signiﬁcant and well documented case is the
development of pest resistance to insecticides (McKenzie
1996). Various scientiﬁcally based strategies have been
devised to retard the rate at which resistance might
develop. The success of these strategies is usually moni-
tored by determining changes in the susceptibility of ﬁeld
populations exposed to insecticides. This is normally
achieved by measuring changes in LC50 or in survival of
ﬁeld insects when exposed to a ‘discriminating dose’ of
toxin which indicates that genetic changes have occurred
in the population (e.g., Forrester et al. 1993; Ali and
Luttrell 2009). If the occurrence of resistance is increasing
to a particular insecticide, then strategies can be adopted
to try and curb further increases (Andow and Ives 2002).
The ultimate aim is to prevent failures of the insecticide
in the ﬁeld. However the approach of measuring changes
in LC50 is imprecise and the more sensitive technique of
monitoring the actual frequencies of alleles that confer
resistance is rarely used (Ali and Luttrell 2009). With this
latter approach, increasing frequencies of resistance alleles
can be used to trigger a more timely response to the
impending threat of resistance.
Partly in response to increasing pest resistance to pesti-
cides, insecticidal toxins have been engineered into plants.
To date the most common approach to engineering crops
for insect tolerance has been the addition of genes coding
for insecticidal toxins from the soil bacterium Bacillus
thuringiensis (Bt) (Romeis et al. 2006). The ﬁrst genera-
tion of crops expressed a single Bt gene and was commer-
cialized in 1996 in the USA and Australia and later in
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Abstract
In Australia, monitoring Helicoverpa species for resistance to the Cry2Ab toxin
in second generation Bacillus thuringiensis (Bt) cotton has precisely fulﬁlled its
intended function: to warn of increases in resistance frequencies that may lead
to ﬁeld failures of the technology. Prior to the widespread adoption of two-
gene Bt cotton, the frequency of Cry2Ab resistance alleles was at least 0.001 in
H. armigera and H. punctigera. In the 5 years hence, there has been a signiﬁ-
cant and apparently exponential increase in the frequency of alleles conferring
Cry2Ab resistance in ﬁeld populations of H. punctigera. Herein we review the
history of deploying and managing resistance to Bt cotton in Australia, outline
the characteristics of the isolated resistance that likely impact on resistance evo-
lution, and use a simple model to predict likely imminent resistance frequen-
cies. We then discuss potential strategies to mitigate further increases in
resistance frequencies, until the release of a third generation product. These
include mandating larger structured refuges, applying insecticide to crops late
in the season, and restricting the area of Bollgard II
  cotton. The area planted
to Bt-crops is anticipated to continue to rise worldwide; therefore the strategies
being considered in Australia are likely to relate to other situations.
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been no measurable shifts in resistance frequencies in
most targeted pest populations, there have been four
recent claims of ﬁeld-evolved resistance to proteins in the
Cry1A class present in single toxin Bt crops (Busseola
fusca, Cry1Ab maize, South Africa; Helicoverpa zea,
Cry1Ac cotton, USA; Spodoptera frugiperda, Cry1F maize,
Puerto Rico; H. armigera, Cry1Ac cotton, China; Tabash-
nik et al. 2009). In 2003, second generation Bt crops, con-
taining two independently acting Bt genes, were
introduced in the USA and Australia. There have been no
published reports of resistance to the additional toxins
employed in second generation crops but several studies
have established base-line measures for future monitoring
(Downes et al. 2010a).
Bt cotton has been widely adopted in Australia since
1996. The ﬁrst generation product, INGARD
  (called
Bollgard
  elsewhere and expressing Cry1Ac), was capped
at 30% by area. This has risen to 85% of the cotton area
since the addition of the second generation product,
Bollgard II
  (expressing Cry1Ac and Cry2Ab) and
removal of cap in 2004/2005 (Fitt 2008). A signiﬁcant
beneﬁt has been an 85% reduction in the amount of
insecticide active ingredient applied to Bollgard II
  (Fitt
2008). The reduction of insecticide usage has resulted in
enhanced environmental outcomes and an improving
perception of the cotton industry by the general public.
The future value of this highly adopted technology is
dependent on retaining the susceptibility of the target
pest populations of Helicoverpa armigera (Hu ¨bner) and
Helicoverpa punctigera (Wallengren) to both of the Bt
toxins.
The Resistance Management Plan (RMP) for Bt cotton
in Australia was initially developed in 1996/1997 by the
Monsanto Australia Limited Cotton Team in consultation
with the Transgenic and Insecticide Management Strategy
(TIMS) Committee of the industry body ‘Australian Cot-
ton Growers Research Association’ (now ‘Cotton Austra-
lia’). A Bt Technical Panel of the TIMS Committee was
formed in 1995 and since then versions of the RMP have
been revised annually by that group. The RMP is based
on the widely advocated ‘high dose plus refuge’ pre-emp-
tive resistance management strategy (reviewed in Bates
et al. 2005; see below for further details), though the
‘high dose’ component does not strictly hold (also see
below). Bollgard II
  is available in the full complement
of varieties grown in Australia. A comprehensive program
has monitored the susceptibility of ﬁeld populations of
the key targets, Helicoverpa armigera and H. punctigera,
since 1994 (Downes et al. 2007).
A challenge for deploying the second generation Bt cot-
ton in Australia has been the discovery of elevated fre-
quencies of alleles that confer resistance to one of the
toxins (Cry2Ab). Before the widespread adoption of two-
gene Bt cotton, the frequency of Cry2Ab resistance alleles
was at least 10
)3 in H. armigera and H. punctigera
(Mahon et al. 2007a; Downes et al. 2009). Of most con-
cern is that in the past 5 years there has been a signiﬁcant
and apparently exponential increase in the frequency of
alleles conferring Cry2Ab resistance in ﬁeld populations
of one of those species, H. punctigera, since the adoption
of Bollgard II
  (Downes et al. 2010a). Furthermore, the
frequency of Cry2Ab resistance alleles in populations
from cotton cropping areas is eightfold higher than that
found in populations collected in the same year from
non-cropping regions geographically isolated from cotton
production (Downes et al. 2010a). These data suggest
incipient evolution of resistance by H. punctigera to
Cry2Ab (Downes et al. 2010a).
In response to these ﬁndings, the TIMS Bt Technical
Panel Committee of Cotton Australia developed a docu-
ment entitled ‘Contingency Plan for Mitigating Resistance
to the Toxins Within Bollgard II
  Cotton’. In this paper
we outline strategies that may be deployed to delay fur-
ther increases in Cry2Ab resistance in H. punctigera in
Australia, to prevent increases in resistance in H. armigera,
and to further build upon the Contingency Plan. Here we
review the history of Bt cotton deployment in Australia,
and the science behind the RMP for the single and dual
gene transgenic Bt cotton technologies. We outline the
characteristics of the isolated Cry2Ab resistance that are
potentially important for resistance evolution, and use a
simple model to predict likely trends in resistance fre-
quencies. We then consider the role of future technologies
that may become available in Australia before discussing
possible mitigation strategies to contain increases in fre-
quencies of resistance.
Our approach in this paper is deﬁned according to sce-
narios of Cry2Ab resistance in H. armigera and H. puncti-
gera. We have not found any shifts in the low (<10
)3)
frequencies of alleles conferring resistance to Cry1Ac in
either Helicoverpa species (Mahon et al. 2007a; Downes
et al. 2009) and so resistance to this toxin is not explicitly
considered in the current Contingency Plan. However, it
is envisaged that the document will be reviewed annually
and adapted in light of new information on resistance fre-
quencies and characteristics of resistance found in Heli-
coverpa species.
In 2008 there was more than 130 million hectares of
Bt-crops planted for insect control in 25 countries
throughout the world (James 2008). The use of transgenic
insecticidal crops is predicted to continue to increase
(James 2008), and thus adaptive resistance management
will become increasingly important. While the ﬁner detail
of this article is speciﬁc to Australia the broader
approach, including potential strategies for mitigating
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serve as a model that is relevant to other systems.
BT cotton in Australia
The prime target for Bt cotton in Australia is H. armigera
because during the 1990s it became increasingly difﬁcult
to control with insecticide sprays (Fitt 2008). In contrast,
the Australian endemic species H. punctigera, which is
also a key pest, has not evolved resistance to insecticide
sprays despite 40 years of pesticide exposure in cotton
production (Forrester et al. 1993). This may reﬂect the
different patterns of movement of the two species. In the
cropping regions of South-Eastern Australia, H. armigera
populations recruit adults in spring from overwintering
pupae within the region (Fitt and Daly 1990). In contrast,
H. punctigera populations typically peak in the spring,
driven by large-scale migration into the region from
inland Australia where they are not exposed to insecti-
cides (Oertel et al. 1999). Any resistance that may accu-
mulate in the small resident population of H. punctigera
in the cropping regions that is exposed to insecticides is
thought to be periodically diluted by susceptible individu-
als emigrating from these inland sources (Gregg et al.
1995).
The Cry1Ac toxin produced by INGARD
  is very effec-
tive against moths of the genera Pectinophora and Helio-
this (major pest targets in the New World) but is less
potent to members of the genus Helicoverpa which are
innately more tolerant of Cry toxins (Liao et al. 2002). In
Australia, INGARD
  varieties provided excellent protec-
tion against H. armigera and H. punctigera early in the
season but once plants ﬂowered, the promoter became
progressively less effective (Olsen et al. 2005) and
the reduced levels of toxin in the plant tissues allowed
H. armigera and H. punctigera to survive. Clearly some
toxin remained because the larvae grew more slowly on
older INGARD
  plants, but survival rates were compara-
ble to those on non-Bt cotton (Fitt 2008). Season-long
averages of pupae production, which indicate survival of
larvae, under INGARD
  were 55% of that under non-Bt
cotton (Baker et al. 2008).
INGARD
  varieties were grown for seven seasons in
Australia and in the 2004/2005 season were removed from
the market and replaced with Bollgard II
  varieties. Boll-
gard II
  cotton was produced by inserting a cry2Ab gene
(together with an antibiotic marker gene) into the geno-
mic DNA of INGARD
  cotton (APVMA 2003). In Boll-
gard II
 , the Cry2Ab toxin is expressed more uniformly
throughout the season than Cry1Ac (Greenplate et al.
2003), while expression levels of Cry1Ac in Bollgard II
 
are similar to that in INGARD
  (APVMA 2003). Bollgard
II
  provides almost season-long protection against
H. armigera and H. punctigera, although based on know-
ledge of Cry1Ac expression in INGARD
  it is presumed
that in older plants only Cry2Ab provides effective
control. However, Greenplate et al. (2003) showed that
the combined actions of the toxins can be additive and
therefore it is likely that on occasions Cry1Ac continues
to contribute some level of mortality of larvae in the ﬁeld
late in the season, as suggested by the work of Mahon
and Olsen (2009).
In any year around 15% of Bollgard II
  crops may
support >1 medium-large Helicoverpa larva/m during
mid- to late-ﬂowering (Whitburn and Downes 2009). For
various reasons these larvae are not always treated or ade-
quately controlled with insecticidal sprays. Some survive
to pupation and emerge as healthy moths. Survival is not
a consequence of a physiological resistance to Bt, as larvae
collected (as eggs) from various crops are just as likely to
carry Bt resistance genes as larvae collected as survivors
on Bollgard II
  plants (Whitburn and Downes 2009).
Indeed, most larvae collected as survivors on Bollgard II
 
plants prove to be susceptible, and the few larvae that
carry a Bt resistance gene are heterozygotes and should be
killed by the plant because resistance is recessive (see
below). Because survivors are physiologically susceptible
to Bt toxins, we presume that larvae surviving on older
plants are exposed to a non-lethal dose of toxin. This
ﬁnding has relevance to resistance evolution because for a
period in the season the high-dose target is compromised
for both toxins (see below).
The resistance management plan for BT cotton
in Australia
To slow the evolution of pest resistance, a pre-emptive
RMP that proposed a ‘high-dose’ plus ‘refuge’ was
adopted by the USA, India and Australia upon introduc-
ing insecticidal Bt transgenic crops (Tabashnik et al.
2009). When formulating this strategy, it was assumed
that heterozygotes may be partially resistant to the toxin,
and if so, would survive a low dose of the toxin but not a
‘high’ dose (Gould 1998). Ideally transgenic plants would
produce toxin at concentrations that were several times
greater than those which kill susceptible insects, to render
heterozygotes functionally susceptible (Gould 1998). The
survival rate of heterozygotes is important because they
carry the vast majority of resistance alleles in the popula-
tion and resistance evolves far more rapidly if they pos-
sess even a slight advantage over fully susceptible insects.
The role of the refuge is to produce large numbers of
ideally homozygous susceptible insects that have not been
exposed to Bt toxin. The large numbers of such insects
from refuges presumably mate with the occasional homo-
zygous resistant insects that survive in the transgenic
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matings will be heterozygous and thus functionally
susceptible to a high-dose of Bt toxin (Gould 1998).
When INGARD
  was released in Australia, the condi-
tions necessary for a ‘high-dose plus refuge’ RMP were
not fully met because H. armigera and H. punctigera are
innately moderately tolerant of Cry toxins, including
Cry1Ac (Liao et al. 2002). A conservative RMP was
introduced for INGARD
  because it was envisaged that
within a few years, an improved two-gene product
would be available and the value of the combination
would be diminished if resistance to Cry1Ac had already
evolved.
The INGARD
  RMP had several components based
both on our understanding of the evolution of resistance
and practical considerations:
l A ‘cap’ was imposed that limited the area of INGARD
 
that could be grown on a farm and thus reduced the
selection pressure placed on the technology (McKenzie
1996). The INGARD
  area was 10% of the total cotton
area in the year the technology was introduced (1996/
1997) and gradually increased to a maximum of 30% of
the total cotton area by 2000/2001.
l A ‘planting window’ was imposed whereby sowing
was effectively restricted to 42 days to limit the length
of the season that Bt cotton could serve as a host for
Helicoverpa spp. and thereby limit the number of gen-
erations of insects that were exposed to the toxin
(McKenzie 1996).
l Growers of INGARD
  were required to plant a non-
Bt refuge crop (Gould 1998; Tabashnik et al. 2008).
Prior to deploying INGARD
 , it was established that
some crops produced more Helicoverpa moths per
unit area of crop than others (Baker et al. 2008). The
RMP deﬁned the area of a refuge crop required for a
given area of INGARD
  depending on that crop’s
productivity for Helicoverpa moths. The reference crop
for ‘productivity’ was cotton that was not sprayed for
Helicoverpa (hereafter ‘unsprayed’), and modeling
indicated that this refuge set at 10% of the area of the
Bt crop should be adequate to retard the evolution of
resistance. If the designated refuge was unsprayed
pigeon pea, which produced the most moths, only 5%
of the area of INGARD
  was required (i.e., 100 ha of
INGARD
  required a 5 ha unsprayed pigeon pea ref-
uge). If sprayed non-Bt cotton was chosen as the ref-
uge, 50% of the INGARD
  area was required. Other
refuges were 15% of unsprayed sorghum and 20% of
unsprayed corn that was planted in three sequential
stages to extend the period over which they were
attractive to moths such that it aligned with that of
cotton. Resistance in H. punctigera was not considered
to be a high risk; thus although corn and sorghum are
rarely hosts for H. punctigera, they were permitted to
be grown as a refuge (Baker et al. 2008).
l After harvest it was mandatory to cultivate the soil
where INGARD
  had been grown to kill possibly
resistant pupae undergoing winter diapause (Forrester
et al. 1993).
l Insecticidal products that contained Bt toxins could
not be used in the sprayed non-Bt cotton refuge, to
reduce exposure to Cry toxins (McKenzie 1996).
l Volunteer Bt cotton plants were required to be
removed because if they were present in a crop that is
also a host for Helicoverpa, larvae could grow on that
crop to a size that could tolerate Bt toxin and may
then migrate to the volunteer Bt cotton plants. This
situation could select for survival of heterozygous, Bt-
resistant larvae. Volunteer host plants of non-Bt cot-
ton in Bt cotton ﬁelds pose similar threats and were
also required to be removed. Additionally, cotton is
capable of outcrossing, and volunteer plants resulting
from a cross between Bt and non-Bt varieties will
result in plants heterozygous for the Bt gene, and thus
express toxin at a reduced level which may favor het-
erozygote Bt-resistant insects.
l Although not a formal component of the RMP, a com-
plementary document advised that ‘for preventative
resistance management of Heliothis (Helicoverpa) late-
season larval populations must be controlled with an
effective insecticide’ (e.g., Schulze and Tomkins 2002).
The same guidelines advised that ‘INGARD
  should
not be utilized as a stand alone pest control measure’
and outlined principles of integrated pest management
(IPM) including the selection of effective pesticides for
Helicoverpa control that are the least disruptive to the
beneﬁcial insects and spiders present in the crop.
In theory, a two-gene transgenic crop is predicted to be
signiﬁcantly more robust than a single-gene transgenic
crop in retarding the evolution of resistance because
the rare insect that is resistant to one toxin will be
killed by the second (Roush 1998; Zhao et al. 2005).
Therefore, when Bollgard II
  was introduced to Australia,
INGARD
  was removed from the market to reduce the
threat of pest resistance developing to the Cry1Ac-toxin
deployed in both of the Bt cotton technologies. However,
the conservative RMP adopted for INGARD
  was relaxed
by the removal of the 30% cap, allowing for up to 95%
of a grower’s arable land to be planted to Bollgard II
  if
the smallest refuge option of 5% unsprayed pigeon pea
was used. The RMP for Bollgard II
  (Farrell 2008) retains
all of the other elements of the INGARD
  RMP but the
area requirement for sprayed non-Bt cotton was increased
to 100% of the Bollgard II
  area to compensate for the
potentially increased efﬁcacy of new insecticide sprays.
H. armigera and H. punctigera are also innately moderately
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INGARD
 , the conditions necessary for a ‘high-dose plus
refuge’ RMP are not fully met.
The effectiveness of the RMP for Bt cotton has been
evaluated by a resistance monitoring program run by the
Commonwealth Scientiﬁc and Industrial Research Orga-
nization (CSIRO) and funded by the Cotton Research
and Development Corporation (Downes et al. 2007). As
part of the stewardship of their technology, Monsanto
also monitor for resistance. The screening method, known
as F2 screens (Andow and Alstad 1998), generates isofe-
male lines that produce a proportion of individuals which
are homozygous for haplotypes present in their ﬁeld-
derived parents and is thus capable of detecting both
dominant and fully recessive forms of resistance. Once a
resistant colony is established it becomes possible to
employ it to assay the frequency of the resistance using
an F1 screen which involves crossing a ﬁeld insect (of
unknown genotype) to a homozygous resistant insect and
screening the F1 offspring for resistance (Gould et al.
1997; Liu et al. 2008; Yue et al. 2008). Both methods are
currently used in Australia to estimate frequencies of
Cry2Ab resistance alleles. The precise details of the meth-
ods used and results are detailed in Downes et al. (2007)
and Mahon et al. (2007a, 2010). When INGARD
  was
grown, the focus for resistance testing was on H. armigera
but in 2004/2005 H. punctigera was comprehensively
incorporated into the program upon detecting an allele
conferring resistance to Cry2Ab.
Characteristics that inﬂuence resistance evolution
To date, all unique Cry2Ab resistant isolates of H. armi-
gera (15) and H. punctigera (6) that have been tested
proved to be allelic (Mahon et al. 2008; Downes and Ma-
hon, unpublished data); thus it is appropriate to treat the
frequencies obtained from resistance testing as estimates
of one common form of resistance in each species. Inter-
estingly, colonies formed from the ﬁrst isolated Cry2Ab
resistant isofemale line of H. armigera (designated SP15)
and H. punctigera (designated Hp4-13) display character-
istics of resistance that are remarkably similar. Moreover,
in both species, resistance results from an alteration to
the target site for the toxin (a protein imbedded on the
surface of midgut: Caccia et al. 2010).
Unless stated otherwise, the following information is
relevant to both H. armigera and H. punctigera. Insects
that are resistant to Cry2Ab are not cross resistant to
Cry1Ac. At a concentration of 0.25 lg/cm
2 all individuals
in the colonies are susceptible to Cry1Ac, but not more
so than susceptible insects (Mahon et al. 2007b; Downes
et al. 2010b). Thus when Bollgard II
  expresses Cry1Ac
and Cry2Ab optimally, Cry2Ab-resistant insects will
be controlled which will slow the rate of resistance
evolution.
Resistance is due to a single gene, and is recessive
across concentrations ranging from 0.01 to 1.0 lg/cm
2
(Mahon et al. 2007b; Downes et al. 2010b). Thus all het-
erozygotes (RS) are functionally susceptible and only
homozygous resistant insects can survive on Cry2Ab
toxin. This result is of great signiﬁcance, because even a
small selective advantage to heterozygotes will greatly
increase the rate of resistance evolution (McKenzie 1996).
The degree of resistance is also important as resistant
insects need to survive levels of toxin present in trans-
genic cotton if they are to pose a threat. Resistant colo-
nies of both H. armigera and H. punctigera show no
response to different doses of toxin and can tolerate doses
of Cry2Ab toxin that approach 15 times the upper level
in ﬁeld-grown Bollgard II
  in Australia (Downes et al.
2010b).
Fitness costs have been demonstrated in Lepidoptera
resistant to Cry1Ac-expressing cotton (reviewed by Gould
1998; Gassmann et al. 2009). Such costs could retard the
rate of evolution of resistance, and potentially prevent any
increase in resistance frequency. It could be argued from
ﬁrst principles that any ﬁtness costs associated with Cry2Ab
resistance in Helicoverpa are likely to be recessive. However,
it is unlikely that a dominant ﬁtness cost of any importance
could exist at frequencies much above the mutation rate
(Hartl 1999) which is unlikely to be as high as the fre-
quency of at least 0.001 found in both Helicoverpa species
before widespread selection by Bollgard II
 .
Investigations of individual components of the lifecycle
for the H. armigera SP15 colony detected no evidence of
dominant or recessive ﬁtness costs. No differences in sur-
vival or growth rates of homozygous resistant, heterozyg-
otes and homozygous susceptible genotypes were found
when they were reared on non-Bt cotton (Mahon and Ol-
sen 2009) or pigeon pea or at high or low temperatures
or after enduring six months in diapause (Rodney
Mahon, unpublished data). A search for the presence of
ﬁtness costs was also made using population cages where
the resistance frequency was initially set at 0.5 and the
populations were maintained for nine generations
(>12 months) in the absence of selection (with Cry2Ab).
If ﬁtness costs were present (either dominant or reces-
sive), the frequency of the resistance allele would decline
over time. No such decline occurred (Mahon and Young
2010). Thus if any ﬁtness costs are associated with SP15
resistance, they are unlikely to be of sufﬁcient magnitude
to retard the evolution of resistance.
In H. armigera and H. punctigera resistance to Cry2Ab
was detected at a Bayesian frequency of 0.002 with a 95%
credibility interval (CI) between 0.0006 and 0.005 and
0.0002 and 0.005, respectively, in F2 tests performed from
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II
  cotton expressing Cry2Ab (Mahon et al. 2007a; Dow-
nes et al. 2009). Across years that both F2 and F1 screen
data are available, the mean difference in frequencies
between the two types of screens is 4.5-fold and 4-fold
for H. armigera and H. punctigera, respectively (Downes
et al. 2010a; Mahon et al. 2010). If we assume this differ-
ence is constant, we can use this factor to extrapolate
backwards in time to the periods when only F2 data are
available to predict that before the widespread adoption
of Bollgard II
  the F1 screen frequency of Cry2Ab resis-
tance genes in H. armigera and H. punctigera would have
been around 0.01 and 0.008, respectively.
Previously we proposed that an agent other than Bt
cotton may favor selection for alleles conferring resistance
to Cry2Ab in Helicoverpa species (Mahon et al. 2007a).
This notion is supported by the presence of Hp4-13-like
resistance alleles in populations of H. punctigera from
non-cropping areas of inland Australia (Downes et al.
2010a). However, to drive the increasing frequencies of
Cry2Ab resistance alleles in H. punctigera, the hypothe-
sized agent must have increased in efﬁcacy within crop-
ping regions at the time that Bollgard II
  was introduced
without doing so in the sampled non-cropping areas. This
coincidence seems unlikely, though another selective
agent may have raised the frequency of Cry2Ab resistance
alleles to a relatively high level prior to Bollgard II
  being
introduced.
Furthermore, the resistance frequencies of populations
from cropping areas are signiﬁcantly greater than those of
populations from non-cropping areas (Downes et al.
2010a). The current resistance frequencies in non-crop-
ping populations (0.006, 95% CI 0.002 and 0.012) are per-
haps similar to those predicted for cropping populations
before opportunities for signiﬁcant selection by Bollgard
II
  (0.008; see above). These sources of evidence strongly
suggest that the Cry2Ab toxin expressed in Bollgard II
 
cotton is responsible for the increasing frequencies of
resistance alleles reported in Downes et al. (2010a).
Modeling the development of resistance
The characteristics of the Cry2Ab resistance explored
above have been incorporated as parameters in a simple
simulation model. There are strengths and weaknesses in
the setup of the model that require consideration before
interpreting its predictions. It is important to note that
the model is a guide and should not be used in a deﬁni-
tive sense.
The model incorporates our latest data on the frequen-
cies of resistance alleles in both Helicoverpa species for
Cry1Ac and Cry2Ab resistance. Such data indicate that
alleles conferring resistance to Cry1Ac are extremely rare.
The model assumes that when Cry1Ac levels are high
(pre-ﬂowering), no larvae survive on Bollgard II
 , but a
decline in Cry1Ac toxin after ﬂowering allows susceptible
Helicoverpa to survive. Speciﬁcally, this situation is repre-
sented in a simpliﬁed form such that Cry2Ab levels in the
plant remain toxic throughout the season, whereas
Cry1Ac is absent for the ﬁnal generation. As mentioned
above, the basis for this assumption depends on two
sources of information. Firstly, the mean season-long
pupae count under INGARD
  was 55% of that under
non-Bt cotton (Baker et al. 2008). Secondly, the cry1Ac
gene and its promoter present in Bollgard II
  have not
changed from that in INGARD
  ([APVMA] Australian
Pesticides and Veterinary Medicines Authority 2003). It is
also known that there are three to four generations of He-
licoverpa on cotton per year and in contrast to Cry1Ac,
the titer of Cry2Ab toxin remains relatively stable
throughout the season (Greenplate et al. 2003).
The model accommodates the structured refuge by
assuming that Bt cotton and non-Bt cotton are equally
attractive thus we expect eggs from adults to be deposited
on an area equivalent to the proportional size of the
non-transgenic crop (10%). It ignores the impact of
‘non-structured’ refuge in the environment such as neigh-
boring host crops or weed and remnant vegetation hosts.
In some cotton-growing areas, this may underestimate
the input of moths not exposed to toxin. However in
other areas, during mid to late summer (the period when
Cry1Ac production in INGARD
  declined) cotton and
the associated structured refuges may represent the bulk
of healthy vegetation suitable to maintain Helicoverpa
populations. Further, because Helicoverpa are highly
mobile, if resistance evolves in one area, it is expected to
rapidly diffuse through populations in all cropping areas,
as occurred with H. armigera that were resistant to syn-
thetic pyrethroids (Forrester et al. 1993). The remaining
parameters in the model are; resistance to Cry2Ab is
completely recessive, there are no ﬁtness costs, resistance
is due to a single gene, mating occurs at random
throughout all populations and, population growth is not
restricted by density dependent factors.
In Fig. 1, the model predicts the ‘durability’ of Cry2Ab
toxin with different starting frequencies for the resistant
allele. Durability is represented as generations until the
frequency of the resistance allele (R) reaches 0.5 (50%).
Given that there are approximately four generations a
year, dividing the number of generations by four, esti-
mates the number of cotton growing seasons that the
model predicts the Helicoverpa species will remain largely
susceptible to Cry2Ab toxin. The frequency of resistance
found by the CSIRO monitoring program during 2008/
2009 is highlighted in the ﬁgure separately for each spe-
cies with a circle and the range of predicted generations
Downes et al. Adaptive management of pest resistance
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curve. The range was determined by adjusting the fre-
quency of resistance applied in the model to the upper
and lower CIs around the estimates of gene frequencies.
The predicted longevity of the two-gene cotton is
dependent on the frequency of resistance prior to the
release of Bollgard II
  and it would be greatly extended
if, as it was reasonable to assume, the frequency of
Cry2Ab resistance alleles was rare. Under the speciﬁc set
of conditions described above, the model predicts resis-
tance to evolve in 36 generations (around 9 years) with a
range of 44–32 generations for H. armigera and 24
generations (around 6 years) with a range of 48–28 for
H. punctigera. The model predicts a steady increase in
resistant allele frequency similar to the gradual increase
that is observed in H. punctigera (Downes et al. 2010a).
Future technologies for Australia
The toxins naturally produced by Bt, and particularly Cry
toxins, have been the primary source of proteins used to
produce insect-resistant crops. Other sources of toxins for
insect-resistant crops are available from plants, other bac-
teria, insects and arachnids, but it is likely that there will
be a considerable delay before they will be deployed (see
review by Malone et al. 2008). There is also the potential
to ‘silence’ vital genes of the insect using RNAi (Huvenne
and Smagghe In Press). This technique involves inserting
an artiﬁcial construct of DNA from an essential insect
gene into the genome of the plant. The conﬁguration of
the construct ensures that a section of double stranded
RNA is produced that is recognized by the plant as
belonging to a virus and therefore sliced into short
lengths. When ingested, those short lengths of RNA
induce a response in the insect to deactivate its RNA for
that gene and thereby ‘silence’ it such that the insect fails
to thrive. This technique has considerable potential and
has been shown to suppress the growth of H. armigera by
preventing, or at least reducing, the ability of the larvae
to breakdown gossypol, a secondary compound found in
cotton (Mao et al. 2007).
Cry toxins other than Cry1Ac and Cry2Ab that have an
impact on Lepidoptera are known, however the number
that is sufﬁciently toxic to be useful is limited. In addi-
tion, insects resistant to one toxin may show cross resis-
tance to closely related toxins, further limiting the
number of useful toxins. For example, Cry2Ab resistant
H. armigera are also resistant to Cry2Aa and Cry2Ae tox-
ins (Mahon et al. 2007b; Caccia et al. 2010). Thus if resis-
tance to Cry2Ab occurs in Australian populations,
substituting existing transgenic cotton with others that
produce another Cry toxin from the Cry2 class is unlikely
to be useful.
A non-Cry Bt toxin that is effective against Lepidop-
tera, including Australian Helicoverpa (Llewellyn et al.
2007), is VIP (vegetative insecticidal protein). This
protein does not form the crystals characteristic of Cry
toxins. It is presently being developed by Syngenta Seeds,
Inc. for cotton varieties in USA called VipCot , which
expresses Vip3A and Cry1Ab toxins. In January 2010 Syn-
genta Seeds, Inc. announced that it has licensed its trans-
genic cotton event, COT102, containing the novel Vip3A
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Figure 1 The output of a simple computer model depicting the number of generations of Helicoverpa species before ﬁeld failures occur
(R = 0.5), and indicating the current frequency of R for H. armigera and H. punctigera based on the 2008/09 CSIRO monitoring results using F1
screens (Downes et al. 2010a; Mahon et al. 2010). Bayesian frequencies are indicated separately for each species with a circle and the range of
predicted generations until control failure, based on 95% credibility intervals around those frequencies, drawn in a line above the predicted curve.
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with WideStrike
  Insect Protection to develop a product
expressing Cry1Ac, Cry1F and Vip3A (http://www.nk-us.
com/).
In December 2009, another Syngenta licensee of the
COT102 event, Monsanto Company, announced plans to
stack COT102 with Genuity  Bollgard
  II to create a
future insect control product, Bollgard III
  (http://
www.nk-us.com/). Monsanto expect to introduce Bollgard
III
  to the Australian market place in 2014/2015 (subject
to regulatory approval). It is expected that a 2-year period
will follow when both the new technology and Bollgard
II
  will be grown. Computer models predict that by the
time Bollgard III
  is released, unless further increases in
frequencies of Cry2Ab resistance alleles are restricted,
much of the longevity of a three-gene pyramid will be
forfeited. After the discovery of the surprisingly elevated
frequencies of resistance to Cry2Ab present in Helicoverpa
species that threaten the future efﬁcacy of Bollgard II
  it
is essential to determine the pre-existing resistance status
of Helicoverpa species to Vip3A. A high priority should
be placed on determining baseline levels of resistance to
that toxin in order to set a responsible RMP prior to the
release of Bollgard III
  cotton. Any mitigation strategies
employed before the release of this technology will be
temporary – currently, deployment of Bollgard III
  is the
most effective available option for curbing further
increases in Cry2Ab resistance alleles.
Possible mitigation strategies
In response to the current frequencies of Cry2Ab resis-
tance alleles in both Helicoverpa species, and particu-
larly the recent increases in frequencies of Cry2Ab
resistance alleles in H. punctigera, the industry has
adopted a number of measures to clarify aspects of the
RMP. These include further deﬁning existing conditions
within the current RMP to ensure alignment with the
original intentions of the document. For example, to
better ensure that refuges are attractive to ovipositing
moths during the period that Bollgard II
  is attractive,
the timing of planting of refuge crops has also been
restricted to a shorter period. As part of the steward-
ship of their technology, Monsanto annually revise their
auditing procedures to improve compliance with the
current RMP.
Below, potential strategies for mitigating further
increases in frequencies of Cry2Ab resistance alleles have
been listed. We brieﬂy mention for each proposed action
the likely practical impact on growing Bollgard II
 
cotton; these comments apply to the majority of growing
areas but may not be appropriate in all circumstances. It
should be noted that because there is no evidence of
ﬁtness costs associated with Cry2Ab resistance in either
Helicoverpa species, none of the proposed strategies are
expected to result in a signiﬁcant decline in frequency of
individuals carrying resistance alleles. Rather, the objective
is to contain any further increases in order to maximize
the longevity of the third generation Bt cotton. However,
a decline in Cry2Ab allele frequency in H. punctigera may
occur through a fortuitous occurrence of a major immi-
gration of susceptible moths from inland Australia. Long-
term, pheromone trap records from the cropping region
near Narrabri, N.S.W. show that the abundance of
H. punctigera in the ﬁrst generation (spring) is highly
variable between years (Baker et al. 2010). This pattern
suggests that recruitment of moths to cropping regions
from inland areas is erratic. Since 1992, there have been
5 years in which large catches (overall means >10 male
moths/trap/night) have been recorded at the Narrabri
trapping grid for the spring generation (1992, 1993, 1995,
2000 and 2005).
Remove crops that are not hosts for all target pests as
options for the structured refuge
Currently the RMP for irrigated Bollgard II
  allows irri-
gated, unsprayed maize or sorghum in three sequential
sowings (20% and 15% of the total crop, respectively) as
a refuge. However, these crops are not hosts for H. punc-
tigera (Zalucki et al. 1986). If such crops were removed as
structured refuges, hence allowing only options that are
suitable hosts for both Helicoverpa species, it is likely
there would be a minor overall effect on resistance devel-
opment since maize and sorghum are rarely chosen and
together comprise <7% of the refuges grown in a season.
Consequently, for the majority of growers, there is likely
to be no practical changes involved with this mitigation
strategy. In the following strategies we presume that from
2010/2011 maize and sorghum will no longer be refuge
options. However, it is worth noting that irrespective of
the structured refuge, in some regions there has been a
signiﬁcant increase in the acreage of maize and sorghum
in recent years which likely contributed signiﬁcantly to
the unstructured refuge for H. armigera.
Structured refuges are not to be disturbed
until the subsequent spring
Although the current RMP recommends this strategy,
there is thought to be little, if any, compliance with the
request. Consequently, potentially resistant pupae in soil
below Bollgard II
  and predominantly susceptible pupae
below refuge crops are being killed through soil distur-
bance at the same rate. If pupae below refuges were
allowed to remain undisturbed through winter and
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ous relative to the numbers of potentially resistant pupae
from Bollgard II
  ﬁelds which are required to be dis-
turbed as part of the RMP. Previous work indicates that
overwinter survival of pupae is around 50% (Fitt and
Daly 1990), whereas full cultivation of cotton ﬁelds can
reduce survival to near zero. This change is likely to have
a moderate impact on resistance through effectively
enhancing the efﬁcacy of refuges. A negative aspect of this
practice is that it will result in an increased population of
early season moths. With adequate planning, and the cur-
rent abundance of fallow country (due to drought), this
strategy would involve only a minor change of practice
for growers.
Increase the area of structured refuges relative
to the area of Bollgard II
 
With this strategy the same refuge cropping options will
be available, but a greater area of each would be grown.
Obviously, the impact of this strategy on resistance devel-
opment will be inﬂuenced by the magnitude of the
increase in refuge size. As an example, if the proportional
area of refuge was doubled from the current requirement,
the impact on the development of Cry2Ab resistance in
H. punctigera would shift from 24 generations down to
36 generations (based on the simple model described
above). This option for growers would be costly through
the need to dedicate more land and resources to refuge.
In addition, at least initially, the availability of seed for
refuge crops may be limiting.
Treat Bollgard II
  with conventional insecticides
The application of an insecticide spray that targets
Helicoverpa species on Bollgard II
  should kill a high pro-
portion of any resistant individuals and thus selectively
reduce the frequency of this genotype in the population.
If applied correctly it is believed that this approach could
exert a moderate impact on the rate of evolution of resis-
tance but the frequency and timing of applications would
be critical. Based on the period of efﬁcacy of Cry1Ac in
INGARD
 , the opportunity for selection of Cry2Ab resis-
tant insects is likely to span a period of at least 6 weeks.
Until resistance frequencies have increased to the point
that ﬁeld failures are imminent, sprays would need to be
applied on ﬁelds that are not at threshold levels of larvae.
Thus, any spray program must be largely prophylactic
and applied over an extended period. There are obvious
trade-offs with this approach, including the potential to
cause resistance to conventional insecticides as well as the
potential incompatibility of such an approach with IPM
principles.
An attractant designed to lure foraging Helicoverpa
moths is commercially available in Australia (Gregg et al.
2010). When used with insecticides, a single application
will kill a high proportion (at least 50–80%) of predomi-
nantly female moths in the treated area for 4–6 days (Del
Socorro et al. 2010; Magnet
  label). Since these applica-
tions are applied to less than 2% of the crop and have a
negligible impact on beneﬁcial species, they could provide
a way of killing moths from Bollgard II
  without disrupt-
ing the beneﬁcial fauna in the crop. This approach would
also be substantially cheaper than broad scale applications
of insecticide sprays. However, ﬁeld studies have found
that after an application of an attractant-insecticide mix-
ture to a non-Bt cotton crop, egg densities on non-Bt cot-
ton in areas several kilometers from the treated areas can
be signiﬁcantly reduced (P. Gregg and P. Grundy, unpub-
lished data). Thus it is apparent that moths up to several
kilometers away from the treated areas may ultimately be
affected because of attraction to the treated area or via
another mechanism. Irrespective of the reason, an applica-
tion of the attractant-insecticide mixture on Bollgard II
 
will not only kill some of the moths emerging from Boll-
gard II
  ﬁelds but also may kill a proportion of the
(mostly) susceptible ‘refuge’ population. If so, the magni-
tude of the depletion of the refuge population relative to
the Bollgard II
  population, along with the absolute kill of
moths on Bollgard II
  and subsequent opportunities for
selection of the larval stage, will be critical in determining
the relative frequencies of resistant insects in the popula-
tion. While substantial research has validated the efﬁcacy
of the noctuid moth ‘attracticide’ (reviewed in Gregg et al.
2010), further work is necessary to establish if it will assist
in retarding the evolution of resistance and be assigned a
role in resistance management.
Impose a 30% cap on the area of Bollgard II
  cotton
per farm
This strategy would likely have a high impact on resis-
tance evolution through reducing the area of Bollgard II
 
and thus selection pressure. Even though control of Heli-
coverpa in the 70% of non-Bt cotton would require insec-
ticide sprays, this would represent more than double the
current area of non-Bt cotton relative to the area of Boll-
gard II
  required as a structured refuge. However the
practical implications of this measure are high. These
include a presently unanticipated increase in the availabil-
ity of seed of non-Bt cotton and insecticide; that land
in sensitive areas set aside for Bollgard II
  may not be
suitable for growing non-Bt cotton (or other crops)
requiring insecticide sprays; and lack of experience by
newer growers in managing the agronomy and pest com-
plex of non-Bt cotton.
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market until Bollgard III is available commercially
This strategy would likely have a signiﬁcant impact on
resistance evolution because the major selection pressure
would be removed. The practical implications, which are
the same as those considered above for the imposition of
a cap but to a greater degree, are signiﬁcant.
Concluding comments
In Australia monitoring for resistance has provided an
early warning of increases in frequencies that may lead to
failures of the transgenic Bt technology. Until the release
of a third generation Bt cotton, the main potential strate-
gies to mitigate further increases in resistance frequencies
include mandating larger structured refuges, applying
insecticide to crops late in the season, and restricting the
area of Bollgard II
  cotton. The most immediate chal-
lenge for the Australian cotton industry is to identify
which of these alternatives are feasible and appropriate in
response to measured shifts in frequencies of Cry2Ab
resistance.
The strategies proposed herein are considered primarily
based on scientiﬁc merit. However, their implementation
relies critically on practical and ﬁnancial considerations.
For example, imposing a 30% cap on the area of Bollgard
II
  cotton per farm ranks higher in terms of impact on
resistance development than increasing the area of struc-
tured refuges relative to the area of Bollgard II
 . How-
ever, although the former involves a considerable
reversion of farming operations back towards managing
non-Bt cotton, the latter may have a greater impact on
the bottom line of operations through devotion of greater
resources towards growing structured refuges.
While the strategies presently being considered in Aus-
tralia are likely to be relevant to other situations, a neces-
sary precursor is the capacity to score the frequency of
recessive forms of resistance through genetic tests. With-
out that capacity, monitoring will rely on the use of phe-
notypic tests where a change in survival rates may be
detected too late to attempt mitigation strategies (Andow
and Ives 2002).
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